We have identified, purified, and characterized 1 O a-amylase isoforms from suspension-cultured rice (Oryza safiva L.) cells having different isoelectric point values. They had distinguishable optimum temperatures for enzymatic activity and molecular sizes. The results of immunoblotting indicated that polyclonal anti-A + B antibodies bound well to isoforms A, B, Y, and Z but weakly or not at all to E, F, C , H, I, and 1. However, the anti-A + B antibodies inhibited the enzyme activities of only isoforms A and B. Polyclonal anti-H antibodies strongly bound to isoforms F, C , H, I, and J, whereas polyclonal anti-E antibodies preferentially recognized isoform E. A monoclonal antibody against isoform H (H-C49) inhibited the activities of isoforms E, C, H, I, and J, whereas it did not inhibit those of isoforms A, B, Y, and 2.
The amylolytic breakdown of reserve starch in the endosperm of cereal seed is a prerequisite step for seed germination and subsequent seedling growth in terms of both energy production and provision of carbon skeletons of new cellular components. a-Amylase (EC 3.2.1.1) plays an important role by catalyzing the hydrolytic cleavage of interna1 a-1,4-glucan bonds of starch. It is now well established that a-amylase is initially expressed in the scutellar epithelial tissue of starchy seeds and then later expressed at high levels in the aleurone layer. The a-amylase synthesized in both tissues has been shown to be secreted subsequently into the starchy endosperm (Akazawa et al., 1988; Fincher, 1989; Itoh et al., 1995) .
This research was supported in part by Iijima Memorial Food * Corresponding author; e-mail t.mitsui@agr.niigata-u.ac.jp; fax Science Foundation (to T.M.).
81-25-263-1659.
Multiple isoforms of a-amylase are present in cereal seeds. In barley, isoforms can be separated into two groups having distinct pIs, high pI (5.9-6.6) and low pI (4.5-5.5) (Jacobsen and Higgins, 1982) . These two groups differ in several other characteristics, including sensitivity to Ca2+, sulfhydryl reagents, and heavy metals; pH stability; serological properties; and GA, response. Isoforms within a group are similar to each other. A number of a-amylase cDNA clones have been isolated from barley aleurone and subsequently sequenced (Rogers and Milliman, 1983; Chandler et al., 1984; Huang et al., 1984; Deikman and Jones, 1985; Rogers, 1985) . Southern blot analyses of genomic DNA have demonstrated that these genes fall into two classes; about three belong to the low-pI class and seven or eight belong to the high-pI class (Muthukrishnan et al., 1984; Chandler et al., 1984; Rogers and Milliman, 1984; Rogers, 1985; Khursheed and Rogers, 1988) . Studies of chromosome addition lines at the DNA and protein levels have shown that loci for the low-and high-pI genes are present on chromosomes 1 and 6, respectively (Brown and Jacobsen, 1982; Muthukrishnan et al., 1984) . The a-amylase isozyme pattern of germinated wheat grains is more complex than that of barley (Gale et al., 1983) . Three classes of a-amylase genes are present (Baulcombe et al., 1987) , and these map to different chromosomes, with a-Amyl genes on group 6, a-Amy2 genes on group 7, and a-Amy3 genes on group 5 chromosomes (Baulcombe et al., 1987; Huttly et al., 1988) .
Using the IEF gel technique, several a-amylase isoforms have been detected in rice (Oryza sativa L.) (Tanaka et al., 1970; Daussant et al., 1983; Mitsui et al., 1993) . In germinating rice seeds, three a-amylase isoforms, A, B, and D, have been identified and characterized (Okamoto and Akazawa, 1978; Daussant et al., 1983) . Isoforms A and B could not be distinguished immunochemically, but isoform D differed in antigenicity from isoforms A + B (Daussant et al., 1983) . Isoforms A and B were also shown to be typical secretory glycoproteins bearing Asn-linked oligosaccharide chains Akazawa, 1982, 1983; Mitsui et al., 1985; Mitsui and Akazawa, 1986; Hayashi et al., 1990; Lecommandeur et al., 1990) . The Asn-linked oligosaccha-ride chains were later shown to be heterogeneous (Hayashi et al., 1990) , but this did not affect the relative mobilities of the enzyme on IEF gels (Mitsui and Akazawa, 1986) . Recently, it was observed that a-amylases from suspensioncultured rice cells form a more complex isoform pattern than those from germinating seeds (Simmons et al., 1991; Mitsui et al., 1993 ). a-Amylase isoform H, exclusively expressed in suspension-cultured rice cells, has been purified and characterized. These results indicated that the enzymatic and serological properties of isoform H were markedly different from those of isoform A + B dominantly expressed in germinated grains (Mitsui et al., 1993) . A number of cDNA and genomic DNA clones of rice a-amylase genes have been isolated and characterized (Huang et al., 1990a (Huang et al., , 1990b Yu et al., 1991 Yu et al., , 1992 . Rodriguez and associates reported that there are at least 10 genes for a-amylase in rice, occurring in three subfamilies, i.e. RAmyl(A, B, C), XAmy2(A), and RAmy3(A, B, C, D, E, F ) (Huang et al., 1990a; Thomas and Rodriguez, 1994) . Chromosomal mapping of these genes using trisomics indicated that RAmyZA and XAmyZC are located on chromosome 2, RAmylB is located on chromosome 1, XAmy2A is located on chromosome 6, XAmySA, 3B, and 3C are located on chromosome 9, and RAmy3D and RAmy3E are located on chromosome 8 (Ranjhan et al., 1991) . Furthermore, when the DNA sequences of 17 genes were analyzed, the a-amylase genes in cereals were divided into two major classes, AmyA and AmyB (Huang et al., 1992b) . The AmyA class was further subdivided into Amyl and Amy2 subfamilies, and the AmyB class included the Amy3 subfamily.
In the present study, we attempted to purify 10 a-amylase isoforms from rice cells and examined their physicochemical and serological properties. On the basis of these analyses, rice a-amylase isoforms could be classified into two major classes and four subgroups. Furthermore, we attempted to identify the genes corresponding to these a-amylase isoforms by partia1 amino acid sequencing of the protein molecules and analyzing the expression products of a cloned rice a-amylase gene.
MATERIALS A N D METHODS

Materials
Reagents and chemicals were purchased from the following commercial sources: Ampholines, Pharmacia-LKB; RPMI 1640 and fetal bovine serum, Flow (Irvine, Scotland); 2,6,10,14-tetramethylpentadecane (pristane), hypoxanthine-aminopterin-thymidine, and hypoxanthine-thymidine, Sigma; alkaline phosphatase-conjugated goat antirabbit IgG, EY Laboratories (San Mateo, CA); mouse antibody isotyping kit, GIBCO-BRL; western blot chemiluminescence reagent, DuPont; peroxidase-conjugated 'goat anti-mouse IgG, Bio-Rad; Freund's adjuvant (complete and incomplete), Staphylococcus aureus protease V8, and o-phenylenediamine, Wako (Osaka, Japan); myeloma cell line (X63Ag8.653), Dainihonseiyaku (Osaka, Japan); and 2,4-D, Tokyokasei (Tokyo, Japan). Saccharomyces cerevisiae strain LL20 (pEno/l03) was kindly provided by Dr. M. Terashima (Department of Chemical Engineering, Kyoto University, Japan).
Rice Cell Culture and Seed Cermination
The procedure for cell culture of rice (Oryza sativa L. cv Nipponkai) was identical with the method described previously (Igaue et al., 1973; Mitsui et al., 1993) . About 2 g (fresh weight) of cells were grown in a 500-mL Sakaguchi flask containing 120 mL of MS medium (Murashige and Skoog, 1962 ) on a reciproca1 shaker operated ai 110 strokes/min with a 70-mm amplitude at 28°C in darkness.
Rice seeds (cv Nipponkai, Kimmaze, or Nipponbare) were soaked in 1% NaClO solution for 15 min, and after thorough washing in distilled water, seeds were germinated on filter paper moistened with water in a plastic tray in a dark chamber at 30°C. Seeds incubated for 5 d were used for prepaxing seed a-amylase enzymes.
Assays
A standard tr-amylase assay was performed as described previously (Mitsui et al., 1993) . Protein content was determined by the dye-binding procedure of Bradford (1976) with bovine y-globulin as a standard.
Enzyme Purification a-Amylase isoform A + B, which is a mixture of isoforms A and B, was purified from germinating rice seeds according to the procedure reported by Miyata et al. (1981) .
Purification of isoforms A, E, F, G, H, I, J, Y, and Z , expressed in suspension-cultured rice cells, was carried out as described previously (Mitsui et al., 1993) .
Production of Polyclonal and Monoclonal Antibodies
BALB/c mice were immunized by intraperitoneal injection of 20 pg of purified a-amylase isoform E or H with complete Freund's adjuvant. Four weeks later, 20 pg of the enzyme protein with incomplete adjuvant were injected intraperitoneally. After the second injection, one intraperitoneal booster injection of 20 pg of the enzyme protein without adjuv,ant was given 4 d prior to fusion. This final injection coulcl be administered up to 4 months after the initial injection. The spleen was removed after the whole blood was collected. The serum was used as polyclonal antibodies. Spleen cells were fused to a myeloma cell line, X63Ag8.653 (Kearney et al., 1979) , according to the standard method with the modification described by Araki and Ikebe (1991) and Higashihara et al. (1989) . The fused cells were resuspended in RPMI medium with 15% (v/v) fetal bovine serum and then were distributed into 96-well t-latbottom polystyrene tissue plates (Iwaki, Chiba, Japan) at a density of 5 X 105 cells/well. Selection with hypoxanthineaminopterin-thymidine medium was begun 24 h after fusion. Throughout the cloning procedures, the cells were cultured in RPMI medium supplemented with 15% fetal bovine serum, 0.225% (w/v) NaHCO,, 2 mM L-Gln, 60 mg L-' kanamycin sulfate, and 50 mg L-l gentamicin sulfate. Screening of antibody-producing cells was carried out using an ELISA a described below, and then the hybridoma cells were recloned twice by limiting dilution using BALB/c mouse splenocytes as a feeder layer. An estab-lished hybridoma clone was cultured in RPMI medium with 15% fetal bovine serum or injected intraperitoneally into pristane-primed BALB/c mice. The cultured supernatant and the ascitic fluid were used as the monoclonal antibody source.
Production of polyclonal antibodies against a-amylase isoform A + B and H using rabbits and IgG purification were as described previously (Mitsui et al., 1993) .
Purification of Monoclonal Antibodies
IgG class antibodies were purified by a protein G-Sepharose column (Pharmacia-LKB) from the monoclonal antibody source according to the manufacturer's protocol. The isotype of monoclonal antibodies was determined by using a mouse antibody isotyping kit (GIBCO-BRL). All monoclonal antibodies used in this study were found to contain heavy chain and K light chain (data not shown).
Peptide Mapping and Amino Acid Sequencing of Isoforms of a-Amylase
Purified a-amylase isoforms were subjected to SDS-PAGE (Laemmli, 1970) , and the protein bands visualized by CBB staining were cut out. The samples (approximately 100 pmol) were then subjected to partial digestion with V8 protease (5 pmol), according to the method described by Cleveland et al. (1977) . The digested peptides separated by SDS-PAGE were transferred to a ProBlott membrane (Applied Biosystems), as described by the manufacturer, and stained with 0.1% (w/v) CBB R-250 in 40% (v/v) methanol and 10% (v/v) acetic acid for 5 min. Then, after destaining in 50% methanol, each peptide band was excised and subjected to analysis in a protein microsequence analyzer (model 476A; Applied Biosystems).
IEF-PAGE and Zymograms
a-Amylase samples were subjected to IEF in polyacrylamide gels (pH 4-7) and stained to visualize activity following the procedure reported previously (Mitsui and Akazawa, 1986 ).
Immunoblots and ELISA
Purified a-amylase isoforms were subjected to SDS-PAGE and western blotting (Towbin et al., 1979; Mitsui et al., 1993) . The a-amylase protein molecules blotted on a nitrocellulose sheet were reacted with specific antibodies, followed by detection with alkaline phosphatase-conjugated anti-rabbit IgG for rabbit antibodies or peroxidaseconjugated anti-mouse IgG for mouse antibodies. The detection of alkaline phosphatase activity was carried out as described by Blake et al. (1984) , and that of peroxidase was performed according to the method of Wood and Sarinana (1975) , modified by Mitsui et al. (1990) , or using a chemiluminescence reagent (DuPont).
The ELISA procedure was identical with that of Higashihara et al. (1989) .
Preparation of Recombinant Rice a-Amylases Expressed by Yeast Strain LL20
To prepare the recombinant a-amylases expressed by plasmid pEno/103, which contains the rice a-amylase cDNA fragment, OS103 (O'Neill et al., 1990) , S. cerevisiae strain LL20 was cultured according to the procedure described by Kumagai et al. (1990) . Recombinant rice a-amylases in the culture medium were precipitated with 90% (v/v) ethanol; lyophilized; dissolved in a buffered solution consisting of 100 mM Hepes-KOH (pH 7.6), 10 niM CaCl 2 , and 0.1% (w/v) Triton X-100; and analyzed on zymograms and by immunoblotting.
RESULTS
Purification of Rice a-Amylase Isoforms
We identified 10 a-amylase isoforms (A, B, E, F, G, H, I, J, Y, and Z) capable of hydrolyzing /3-limit dextrin and with distinct pis in suspension-cultured cells of rice (cv Nipponkai) (Fig. 1) . When cells were cultured using 1.8 g of cell fresh weight per 120 mL of MS medium containing 1.5% (w/v) Sue at 28°C for 7 d, all 10 isoforms were secreted into the medium. However, only isoforms A, B, Y, and Z were detected when the initial cell content was reduced from 1.8 to 0.6 g (Fig. 1) . Appropriate culture conditions were used for purification of each a-amylase isoform.
a-Amylase isoforms A, G, H, I, and J were highly purified by electrofocusing in an ampholine column (Fig. 2) . These isoforms had identical mobilities on SDS gels (Fig. 3 , estimated M r 44,000) and their pis were estimated to be 4.6, 5.4, 5.7, 6.3, and 6.6, respectively. Optimum temperatures for enzymatic activity of isoforms A (70°C) and H (37°C) were distinctly different (Fig. 4) , whereas isoforms G and I had an optimum temperature similar to that of H (data not shown). a-Amylase isoforms Y and Z were partially purified. Neither enzyme preparation had significant levels of other a-amylases (Fig. 2, b and c) , although both contained other proteins (data not shown). The pi values of isoforms Y and Z were determined to be 4.35 and 4.45, respectively. They had the same electrophoretic mobility and optimum temperature as isoform A. a-Amylase isoform E had unique physicochemical properties. The pi was estimated kD 66 - Figure 3 . SDS-PAGE analysis of a-amylase isoforms A, E, and H. The purified isoforms A, E, and H were subjected to SDS-PAGE, and proteins were visualized by CBB staining. M, of isoform E was estimated to be 42,000. Bovine albumin (66 kD), egg albumin (45 kD), glyceraldehyde-3-phosphate dehydrogenase (36 kD), carbonic anhydrase (29 kD), trypsinogen (24 kD), trypsin inhibitor (20 kD), and a-lactalbumin (14 kD) were used as molecular mass standards. A faint band below isoform H is a degradation product from isoform H (data not shown). Arrows indicate a-amylase bands (lower, isoform E; upper, isoform A and H). to be 5.0, and its M r (42,000) was smaller than that of the other isoforms (44,000) (Figs. 3 and 5). The optimum temperature for activity of isoform E under standard assay conditions was 26°C (Fig. 4) . a-Amylase isoform F had a pi of 5.1 and was partially purified; its M r was estimated to be 44,000 (Fig. 5) . Physicochemical properties of a-amylase isoforms are summarized in Table I .
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Serological Characterization of a-Amylase Isoforms
In contrast to a-amylase isoforms A and B, which are abundantly produced in the scutella and endosperms of young rice seedlings, isoforms E and H were found to be exclusively expressed in suspension-cultured cells (Figs. 1  and 2 ). The a-amylase isoforms A + B, E, and H exhibited characteristic properties (Table I) . Therefore, a series of polyclonal and monoclonal antibodies were prepared against them to examine serological relationships between the 10 a-amylase isoforms. Figure 5 shows the results of immunoblotting experiments using three polyclonal antibodies and five monoclonal antibodies. Polyclonal anti-a-amylase isoforms A + B (anti-AB) antibodies (Daussant et al., 1983; Mitsui et al., 1993) bound to the isoforms A and A + B but had little or no activity against isoforms E, F, G, H, I, and J (Fig. 5a) . Polyclonal anti-a-amylase isoform H (anti-H) antibodies (Mitsui et al., 1993) detected isoforms F (upper band of the E + F doublet), G, H, I, and J but hardly recognized isoforms A, B, and E. Isoforms Y and Z were recognized by the anti-AB antibodies but not by anti-H antibodies (Fig.  5b) . Polyclonal anti-a-amylase isoform E (anti-E) antibodies were preferentially bound to isoform E (Fig. 5d ). One monoclonal anti-H antibody, H-B35, was similar to polyclonal anti-H and recognized isoforms F, G, H, I, and J but not isoforms A, B, and E. The other monoclonal anti-H antibody, H-G49, recognized all of these isoforms (Fig. 5a) . Monoclonal anti-E antibodies, E-24, E-53, and E-54, recognized all isoforms tested (A, E, F, and H) (Fig. 5c) . , and Z (4 jig) were subjected to SDS-PAGE and immunoblotting with polyclonal anti-H antibodies, c, One microgram of each isoform, A, E, E • F, and H, was subjected to SDS-PAGE and immunoblotting with monoclonal anti-E antibodies E-24, E-53, and E-54, respectively. In this experiment, immunodetection was carried out using a chemiluminescence reagent according to the manufacturer's instructions (DuPont). d, One microgram of each isoform, A, E • F, and H, was subjected to SDS-PAGE and immunoblotting with polyclonal anti-a-amylase E antibodies (Poly anti-E). Arrows indicate a-amylase bands. Lower of double arrows shows isoform E, whereas upper arrow shows other isoforms.
When the inhibitory effects of H-B35 and H-G49 on the enzymic activity of isoform H were examined, it was found that H-G49 inhibited enzyme activity stoichiometrically, whereas H-B35 had no effect (Fig. 6a ). This result indicates that H-G49 may recognize the active site domain of isoform H or may interfere with substrate binding, whereas H-B35 binds to some other epitope common to isoforms F, G, H, I, and J. Furthermore, H-G49 inhibited the activities of isoforms E, G, I, and J as effectively as isoform H but did not inhibit isoforms A and B (Fig. 6b) . This result indicates that the active site structure in isoform molecules E, G, H, I, and J is conserved and differs from that in isoforms A and B.
As shown in Figure 6c , the enzymatic activity of isoform E was effectively and stoichiometrically inhibited by E-24 but not by E-53 and E-54. Furthermore, the inhibitory effects of E-24 toward the other isoforms were similar to those of H-G49 (Fig. 6d) , indicating similarities in the active site of isoform E to those of isoforms G, H, I, and J, despite the observation that other domains of isoform E were distinguishable from those isoforms (Fig. 5) . Results of binding and inhibition experiments using E-53 and E-54 suggested that these antibodies recognize conserved domains in rice a-amylase isoforms that are distinct from the active site.
The activities of isoforms Y and Z were not inhibited by the anti-AB antibodies (data not shown), although the antibodies recognize these enzymes (Fig. 5b) . Neither monoclonal anti-H (H-G49) nor anti-E (E-24) antibodies prevented these enzyme activities (data not shown). These results indicate that isoforms Y and Z have an active site serologically distinguished from those of isoforms A, B, E, F, G, H, I, and J, although there are other, common epitopes among the isoforms A, B, Y, and Z.
The serological properties of isoforms, A, B, E, F, G, H, I, J, Y, and Z are summarized in Table II . Judging from these and their physicochemical properties (Table I) , we define two major classes (I and II) and four subgroups (1, 2, 3, and www.plantphysiol.org on July 18, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. , and J).
Identification of a-Amylase Genes with Isoforms
Peptide mapping of rice a-amylase isoforms was carried out according to the method described by Cleveland et al. (1977) . As shown in Figure 7 , peptide-mapping patterns of a-amylase isoforms A, E, and H were quite different (Fig. 7, left), whereas similar patterns were observed between isoforms A and B (Fig. 7, middle) , and between isoforms G and H (Fig. 7, right) . Peptides obtained by these partial protease digestions were used to determine their amino acid sequences. We obtained sequence data for isoforms A, E, G, and H (Fig. 8) . These results indicated that isoforms A and E are the gene product of RAmylA and RAmy3E, respectively, and that both isoforms G and H are encoded CSamy-c Figure 8 . Correlation of partial amino acid sequences of a-amylase isoforms A, E, G, and H with those deduced from various genes. The purified isoforms were subjected to amino acid sequencing (see "Materials and Methods"). Amino-terminal amino acid sequences of peptides of the isoforms digested with V8 protease are shown in the upper parts of panels. DNA sequence information was obtained from the following sources: RAmylA (Huang et al., 1990b) , RAmylA (Huangetal., 1992a), RAmy3A (Sutliff et al., 1991) , RAmySB (Sutliff et al., 1991) , RAmySC (Sutliff et al., 1991) , RAmySD (Huang et al., 1990a) , RAmySE (Huang et al., 1990a) , Amyc2 (from GenBank data base accession No. X64619), OSamy-c (Kirn and Wu, 1992) . Bars refer to residues that were not identified by sequencing. Shaded areas indicate the identity between determined and deduced amino acid residues.
by one gene, RAmySD. Kumagai et al. (1990) reported that the recombinant a-amylase expressed by plasmid pEno/ 103 (which contains the cDNA fragment of RAmylA, Neill et al., 1990) was similar in most respects to the native enzyme from germinating rice seeds. To further characterize the expression products of RAmylA, the recombinant a-amylase expressed by plasmid pEno/103 in yeast was analyzed in our experimental system. As shown in Figure 9 , both isoforms A and B are produced by the gene RAmylA.
www.plantphysiol.org on July 18, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. Experimental details were as described for a, except for isoform E, where 0.5 pg of the enzyme protein and various amounts of the monoclonal antibodies were preincubated for 5 min at 2 6 T , and then enzyme activity was measured at 26°C in the standard assay system. c, Effects of E-24, E-53, and E-54 on the activity of isoform E. The enzyme protein (0.5 pg) and various amounts of the monoclonal antibodies (0-10.7 pg) were preincubated for 5 min at 2 6 T , and then enzyme activity was measured at 26°C. d, Effects of E-24 on the activity of
, and J (V). Experimental details for isoform E were as described for c, whereas those of other isoforms were as described for a and b except using the antibody E-24.
The relationship of our a-amylase isoforms to cloned The gene family contained more than 10 a-amylase genes (Huang et al., 1990a; Yu et al., 1992) , and these genes are located on five different chromosomes (Ranjhan et al., 1991) . A homology and phylogenetic relationship for those genes was also constructed (Huang et al., 1992a) . In contrast to the wealth of information regarding gene number and structure, character ization of a-amylase isoforms genes is shown in Figure 10 .
DI SCUSSION
Recent molecular genetic approaches have demonstrated that a multigene family in rice comprise a-amylase genes. encoded by these genes on the protein level has been lacking. In our present study, 10 a-amylase isoforms, A, B, E, F, G, H, I, J, Y, and Z, with different pi values, have been purified and characterized from suspension-cultured cells of rice (O. saliva L. cv Nipponkai). These rice a-amylase isoforms exhibited distinguishable optimum temperatures and molecular sizes. In addition, we prepared and characterized three polyclonal and five monoclonal antibodies against three isoforms that have characteristic physicochemical properties. Judging from their physicochemical and serological properties, we ultimately classified these a-amylase isoforms into two major classes and four subgroups as shown in Figure 10 . Furthermore, we determined the partial amino acid sequences of four a-amylase isoforms dominantly expressed in rice cells (Fig. 8 ) and found that these major isoforms are encoded by three genes, RAmylA, RAmySD, and RAmy3E, identified previously (Simmons et al., 1991; Thomas and Rodriguez, 1994) . The use of antibodies to probe structural and functional domains of the different enzyme molecules should be a powerful tool for future studies of rice a-amylase proteins. Cell biochemical studies using these specific antibodies to clarify the regulatory mechanism of protein biosynthesis and intracellular transport of each a-amylase isoform group in rice cells are now in progress in our laboratory.
The present study of a-amylase isoforms provides information concerning posttranslational modification of a-amylase protein molecules in rice. Some a-amylase isoforms within a subgroup were found to be encoded by one gene (Figs. 8 and 9) . Previously, it was demonstrated that a-amylase isoforms A and B bear heterogeneous Asnlinked oligosaccharide chains (Hayashi et al., 1990) resulting from their modification in the Golgi complex. (Mitsui et al., 1985) . However, Asn-linked oligosaccharide heterogeneity could not explain differences in pi. Sticher and Jones (1991) proposed that posttranslational modifications by a deamidase gives rise to multiple forms of HAMY1 (low pi) a-amylase in barley aleurone. Alternatively, Segaard et al. (1991) reported that C-terminal processing of low-pi barley a-amylase results in multiple forms in malt, aleurone protoplasts, and transformed yeast. Our data indicate that posttranslational protein modification, which alters the pi value of a-amylase molecules, also occurs in rice cells.
The inhibition experiments, in which anti-AB, H-G49, and E-24 antibodies were used, demonstrated that group 1, group 2, and group 4 a-amylase isoforms have three distinctly different structural configurations of their active site domains, whereas those of group 3 and group 4 isoforms are indistinguishable (summarized in Table II ). Group 1 isoforms are predominantly expressed in the scutellar and endosperm tissues ( Fig. 2 ; Okamoto and Akazawa, 1978; Miyata and Akazawa, 1982) . Group 2 isoforms are detected as the most abundant enzyme in green shoot tissues of young seedlings of rice (T. Mitsui and Y. Kobayashi, unpublished data) . Group 4 isoforms, or mRNA of RAmy3D, accumulated in embryos when the tissues isolated from dry seed were germinated in the absence of sugar (Karrer and Rodriguez, 1992; J. Yamaguchi and T. Mitsui, unpublished data) . Thus, three isoform groups that have immunologically distinct active site domains are preferentially expressed in the different tissues. This may indicate distinct roles in starch breakdown in each tissue. In this respect, the identification of the gene(s) encoding the group 2 isoforms Y and Z is needed to clarify the role of group 2 proteins in green shoot tissues.
A novel isoform E (Table I) , with an apparent smaller molecular size and a lower optimum temperature in comparison with the other nine isoforms, is worthy of further description. The presence of two molecular sizes of rice a-amylases was reported by Chiba et al. (1990) and Chen et al. (1994) . The optimum temperature of a-amylase I11 (M,. 40,000, p15.8) was similar to that of isoform E, and the partia1 amino acid sequence analysis of this enzyme suggested that it may be encoded by the genetic locus RAmy3E (Chiba et al., 1991) , indicating that a-amylase 111 likely belongs to group 3, which includes the isoform E. Chen et al. (1994) identified 44-and 46-kD a-amylase isoforms in rice cells. The smaller molecular size a-amylases (44 kD) have been shown to be expressed constitutively, even if the cells are deprived of SUC (Chen et al., 1994) . The RAmy3E (aAmy8) gene, which encodes the protein molecule of isoform E, has been found to be markedly suppressed by metabolic sugar (Yu et al., 1991; Huang et al., 1993) . Although no detailed information is available for the structural and catalytic properties of the 44-kD isoform, it may be different from isoform E and a-amylase 111. Further characterization of catalytic properties and tissue distribution of isoform E are required to clarify its physiological role.
